Worldwide bacterial resistance to traditional antibiotics has drawn much research attention to naturally occurring antimicrobial peptides (AMPs) owing to their potential as alternative antimicrobials. Structural studies of AMPs are essential for an in-depth understanding of their activity, mechanism of action, and in guiding peptide design. Two-dimensional solution proton NMR spectroscopy has been the major tool. In this article, we describe the applications of natural abundance 13 Cα HSQC spectra versus residue number present a wave-like pattern (HSQC wave) where key hydrophobic residues of micelle-bound peptides are located in the troughs with weaker intensities, probably due to fast exchange between the free and bound forms. In all the cases, the identification of aromatic phenylalanines as a key membrane-binding residue is consistent with previous intermolecular Phe-lipid NOE observations. Furthermore, mutation of one of the key hydrophobic residues of KR-12 to Ala significantly reduced the antibacterial activity of the peptide mutants. These results illustrate that natural abundance heteronuclear-correlated NMR spectroscopy can be utilized to probe backbone structure and dynamics, and perhaps to map key membrane-binding residues of peptides in complex with micelles.
Introduction
In the Protein Data Bank, the number of structures of membrane proteins is far less than that of globular proteins. To a large extent this situation might be attributed to the difficulty in expression and purification of membrane proteins and their reconstitution into a proper detergent required for the formation of useful crystals for X-ray diffraction. High-resolution NMR spectroscopy provides an alternative approach for structural determination. This versatile technique enables the structural determination of membrane proteins in either liquid or solid state. For solution NMR studies, it is necessary to solubilize the protein in suitable detergents such as dodecylphosphocholine (DPC), lysolipids, or small bicelles [1] ; for solid-state NMR, the proteins are usually reconstructed in lipid bilayers or large bicelles [2] . While structural studies of large receptors with multiple transmembrane helices are in progress [3, 4] , there is also high interest in structural studies of smaller membrane proteins such as amyloid peptides [53, 54] and antimicrobial peptides (AMPs). The high interest in AMPs may be because of their potential to be developed into novel antimicrobials as alternatives to drug-resistant antibiotics [5] [6] [7] [8] . In the updated antimicrobial peptide database (APD2, with more than 1400 peptide entries),~90% of the peptides collected contain less than 45 residues [9, 10] . Because membrane peptides are usually resistant to crystallization, NMR has been the dominating technique in structural elucidation of AMPs. The small size of AMPs made solid-phase synthesis an ideal method for peptide preparation. On one hand, solid-phase synthesis enables the incorporation of 2 H, 13 C, 19 F, and 15 N isotopes into peptide sites of interest for probing structure and dynamics by solid-state NMR methods [11] [12] [13] [14] 70, 71] . On the other hand, synthetic peptides can also be directly utilized for 3D structural
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Biochimica et Biophysica Acta j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / l o c a t e / b b a m e m determination by solution NMR [5] [6] [7] [8] . Indeed, 95% of the structures collected in APD2 are solved by solution NMR in water or in organic solvents or detergent micelles as membrane-mimetic models [9] . Because the major anionic lipids in bacterial membranes are phosphatidylglycerols (PGs) [15] , we have demonstrated the use of short-chain anionic PGs as a new membrane model for structural determination of membrane peptides by solution NMR spectroscopy [16] [17] [18] . The major findings have been summarized in our previous publications [6, 19] . The unique spectral window presented in the dioctanoyl phosphatidylglycerol (D8PG) sample, but not in SDS nor DPC micelles, facilitates the observation of long-desired intermolecular Arg-PG NOE cross peaks by solution NMR for the first time [20] [21] [22] [23] .
The 3D structures of most of the micelle-bound AMPs were determined based primarily on NOE-derived distance restraints. Complementary angle restraints, usually derived from scalar coupling constants, are not readily measured due to broad spectral lines of micelle-bound peptides (10) (11) (12) (13) (14) (15) . An alternative approach to obtaining backbone angles is based on a set of heteronuclear chemical shifts. We previously demonstrated that 15 N and 13 C chemical shifts could be measured at natural abundance and inclusion of chemical shiftderived backbone angles led to improvement in the quality of distancederived NMR structures [20] .
There are yet other limitations with classic 2D 1 H NMR, which we intend to deal with in this study. For example, how can one obtain dynamic information for micelle-bound AMPs in the absence of isotope labeling? Using human LL-37 as a model, we show that secondary 13 Cα chemical shifts are correlated with 15 N NOE values. This observation provides an approach for probing peptide dynamics based on natural abundance 13 C chemical shifts. In addition, it is not trivial to define membrane-binding residues using the well-established chemical shift mapping method owing to a global conformational change of many AMPs from the free to bound states. We illustrate here that 2D 1 H-13 C HSQC spectra appear to contain information for micelle binding of AMPs. For this purpose, multiple LL-37-derived segments and aurein 1.2 are used as model peptides (sequences in Table 1 ). As the only cathelicidin in humans, the protective role of human LL-37 against infectious diseases is well established clinically as well as in animal models [24] [25] [26] , and LL-37 is perhaps one of the best-studied AMPs [55] [56] [57] [58] [59] [60] [61] [62] [63] as reflected by an exponential growth in the related literature [39] . Aurein 1.2 is a 13-residue antimicrobial and anticancer peptide discovered in Australian bell frogs [27] . Both solution and solid-state NMR methods have been utilized to investigate its interactions with phospholipids [14, 20, 21] .
Materials and methods

Materials
GF-17, KR-12 and its single-residue peptide mutants, RI-10, aurein 1.2, and LLAA (Table 1 ) with C-terminal amidation (N95% pure) were synthesized and purified by Genemed Synthesis (San Antonio, TX). Perdeuterated SDS (98% D) and deuterium oxide (99.9% D) were purchased from Cambridge Isotope Laboratories (Andover, MA). All chemicals were used without further purification.
Antibacterial activity assays
The antibacterial activities of KR-12 and its single-residue mutants were determined using the standard broth microdilution method [20] . In brief, a 5 ml culture was grown overnight in Luria-Bertani (LB) medium. A fresh culture was inoculated with a small aliquot of the overnight culture and incubated at 37°C (250 rpm) until the optical density reaches~0.5. The culture was then diluted and 90 µl portioned into a 96-well microplate with~10 6 CFU per well. A series of peptide solutions (10 µl) with two-fold dilution was added. The assays were performed in triplet for each peptide. The plate was incubated at 37°C overnight (~16 h) and read on an Ultra Microplate Reader at 630 nm (Bio-TEK Instrument). The minimal inhibitory concentration (MIC) of a peptide is defined as the lowest peptide concentration that fully inhibits the bacterial growth.
NMR spectroscopy
The NMR samples were prepared by mixing the peptide with SDSd 25 at a molar ratio of 1:40 (2 mM peptide), containing 10% D 2 O as the field-locking signal. Such a ratio was found to be sufficient to stabilize the structure of the peptide. The pH of each sample was adjusted by using microliter aliquots of HCl or NaOH solution and measured directly in the 5-mm NMR tube with a micro-pH electrode (Wilmad-Labglass).
NMR data were recorded on a Varian INOVA 600 MHz NMR spectrometer equipped with a triple-resonance cryoprobe with a z-axis gradient. A set of NMR spectra was collected for each peptide using States-TPPI. NOESY spectra [28] were acquired at a mixing time of 100 ms for peptide/micelle complexes. TOCSY experiments were performed with a mixing time of 75 ms using a clean MLEV-17 pulse sequence [29] . Typically, 2D homonuclear spectra were collected with 512 increments (16-32 scans each) in t1 and 2K data points in t2 time domains using a spectral width of 8510.6 Hz in both dimensions with the 1 H carrier on the water resonance. The water signal was suppressed by WATERGATE [30] C carriers were set at 4.77 and 36.37 ppm, respectively. Typically 80 increments (256 scans) were collected for the aliphatic 13 C (spectral width 12,000 Hz) dimension. NMR data were processed on a Silicon Graphics Octane workstation (SGI) using the NMRPipe software [32] . For 2D homonuclear spectra such as NOESY, the time domain data were apodized by a 63°shifted squared sine-bell window function in both dimensions, zero-filled prior to Fourier transformation. For HSQC, the data in the indirect dimension was doubled by linear prediction prior to Fourier transformation. Since anionic DSS is known to interact with cationic peptides [16] , proton chemical shifts of the peptides were referenced to external DSS at 0.00 ppm and 13 C and 15 N chemical shifts were referenced as described [20] . NMR data were analyzed with NMRDraw in the NMRPipe package [32] or PIPP [33] .
Results
3.1.
Correlation of 3D structure, dynamics, and secondary 13 Cα chemical shifts of micelle-bound LL-37
The 3D structure of human LL-37 in complex with detergent micelles has recently been determined [7, 23] . In SDS micelles, the peptide adopts a long amphipathic helix from residues 2 to 31 with the remaining residues disordered (Fig. 1a) . This structure corresponds nicely to the 15 
N{
1 H} NOE plot (Fig. 1b) . The NOE plot indicates that only the C-terminal residues 33-37 are mobile on the ps-ns time scale. Fig. 1c displays the 13 Cα secondary shifts (δ 13 Cα) of LL-37, i.e. the chemical shift differences between the measured and the random coiled values [34] . It is evident that continued positive shifts for residues 2-31 correspond exactly to the helical region determined by 3D heteronuclear NMR using isotope-labeled peptide samples [23] . Furthermore, residues 32-37 showed small δ 13 Cα deviations (Fig. 1c) , consistent with the lack of a defined structure in that region (Fig. 1a) . Thus, 13 Cα secondary shifts contain both structural and dynamic information. Because heteronuclear 15 N NOE values are not measured for synthetic peptides without isotope labeling, the correlation observed in Fig. 1 might be applied to probing peptide dynamics using natural abundance 13 Cα chemical shifts.
Natural abundance 13
Cα secondary shifts as a probe for peptide structure and dynamics
To illustrate the application of the correlation in Fig. 1 , we collected 2D 1 H- 13 C HSQC spectra for several peptides at natural abundance (Fig. 2) . GF-17 (Table 1) was engineered based on one of the most active regions of human LL-37 identified by NMR [35] . It corresponds to residues 17-32 of LL-37 with an additional Gly at the N-terminus and an amide NH 2 at the C-terminus of the peptide to improve stability. In the following description, the residue numbering as in LL-37 is maintained in GF-17 and its shorter segments in Table 1 . GF-17 showed strong activities against both Gram-positive and Gram-negative bacteria [72] . It also showed an inhibitory effect on HIV [37] and could kill cancer cells as well [35] . The natural abundance HSQC spectrum of GF-17 bound to SDS micelles (peptide/SDS ratio of 1:40) is provided in Fig. 2a . Remarkably, the 1 H- 13 Cα cross peaks are well resolved. These cross peaks were assigned based on the known 1 H assignments achieved by using the standard NMR method [38] . Based on the 13 C chemical shifts of GF-17, we calculated 13 Cα secondary shifts and plotted in Fig. 3a . Since the 13 Cα secondary shifts for residues 17-31 of GF-17 are greater than 1 ppm [36] , they are predicted to be helical. These secondary shifts also suggest that this region of the peptide is rigid when bound to the SDS micelles. However, the C-terminal residue V32, with a small δ 13 Cα less than 1 ppm, appears to be mobile.
KR-12 (Table 1) was identified as the smallest antibacterial peptide of LL-37 [23] . Its 3D structure was determined in D8PG micelles. Residues 20-28 are helical (Fig. 4a) . To provide additional insight into peptide-micelle interactions, we also collected a set of NMR spectra for KR-12 in SDS micelles. Its 1 H- 13 Cα HSQC spectrum is given in Fig. 2b . The cross peaks are well resolved, allowing complete assignments of all 1 H- 13 Cα cross peaks at natural abundance. Compared to GF-17 (Fig. 2a) , most of cross peaks of the residues of KR-12 appeared at similar spectral regions and only terminal residues K18, R19, and R29 showed significant shifts. Based on the 13 Cα secondary shift plot (Fig. 3b) , residues 19-28 are predicted to be helical. Thus, the structures of KR-12 are similar in SDS and D8PG micelles. In these two micelles, similar structures were also observed for bacterial membrane anchor [16] , aurein 1.2 [20] , and FK-13 (the antibacterial core region of LL-37) [35] . Furthermore, the δ
13
Cα deviations suggest that, except for R29, the entire peptide is rigid in complex with micelles.
To further understand peptide-micelle interactions, we also investigated an even shorter peptide RI-10, which was obtained by deleting both the N-and C-terminal residues of KR-12 ( Table 1 ). The truncation of the two terminal cationic residues disrupted the antibacterial activity of the peptide against Escherichia coli K12 [23] . The 2D HSQC spectrum of this peptide in complex with SDS is presented in Fig. 2c . Again, the peaks are well resolved, allowing full signal assignments of the 1 H- 13 Cα cross peaks. According to the 13 Cα secondary shift plot (Fig. 3c) , residues 20-27 of RI-10 remain helical. Therefore, the loss of two cationic residues and a shortened amphipathic helix of RI-10 compared to KR-12 may be responsible for the loss of antimicrobial activity.
While the Australian group determined the structure in trifluoroethanol (TFE) [27] , we previously determined the 3D structure of aurein 1.2 in complex with SDS micelles [20] . This short antimicrobial peptide is entirely helical in SDS micelles (Fig. 4b) . Its 1 H- 13 C HSQC spectrum is presented in Fig. 2d . To get insight into peptide backbone motion, we also calculated 13 Cα secondary shifts for aurein 1.2 (Fig. 3d) . Residues 2-12 displayed positive secondary shifts greater than 1 ppm, consistent with an all-helical structure. The terminal F13 showed a smaller 13 Cα deviation and may be slightly more mobile than other residues.
3.3.
1 H- 13 Cα cross peak intensity plots Previously, we identified the core antimicrobial region of human LL-37 based on the peak intensity differences in 2D TOCSY spectra [35] . While micelle-bound residues displayed weak to no cross peak relays from backbone amide protons to side chains, non-micelle-bound or weakly binding residues showed strong TOCSY relays. A further examination of the TOCSY H N -Hα cross peak intensity plots of LL-37-derived peptides in complex with micelles revealed a wave-like pattern. In this study, peak intensities are represented by peak heights. Although hydrophobic residues tend to have weaker intensities in several cases, no consensus was observed. We then examined the peak intensity plots of 1 H- 13 C HSQC spectra of GF-17, KR-12, RI-10, aurein 1.2 and its analog LLAA bound to SDS micelles (Fig. 5) . A wave-like pattern is evident in all the cases. We found that these wave patterns did not depend on the NMR programs used to measure peak intensities, since we observed similar results with NMRPipe [32] or PIPP [33] (not shown). We also obtained identical results using NMRPipe when the spectral threshold was set at different levels that determine the number of contours visible to human eyes. It is interesting to note that the residues at the troughs of the waves have lowest peak intensities and are usually hydrophobic. In the case of GF-17 (Fig. 5a ), residues I20, V21, I24, F27, and L28 are Cα secondary shifts. a, Ribbon diagram of human LL-37 in SDS micelles determined as described elsewhere [23] . b, Heteronuclear NOE plot of LL-37 in SDS recorded and calculated as described [23] . c, 13 Cα secondary shifts versus residue number. d, Secondary amide shifts of LL-37 in SDS. Secondary shifts are the chemical shift differences between the measured and the random values in ref. [38] . See the text for further details.
located in the troughs. The increase in peak intensity in the C-terminus may imply increased motions in that region of the polypeptide chain. Of outstanding interest is that this set of hydrophobic residues I20, V21, I24, F27, and L28 identified in the GF-17 plot consists of the hydrophobic surface of KR-12 ( Fig. 4a bottom) . Since KR-12 was identified as the smallest antimicrobial peptide from LL-37, those five hydrophobic residues of GF-17 with weaker intensities (Fig. 5a ) are proposed to be essential membrane-binding residues. Indeed, when hydrophobic residue I20, or I24, or L28 of KR-12 was changed to Ala, the antimicrobial activities of the resulting three peptide mutants reduced significantly and were inactive against E. coli K12 till~300 µM (see Methods). Under the same condition, the MIC of KR-12 itself was found to be~20 µM. In the HSQC peak intensity plot of KR-12 itself in SDS (Fig. 5b) , four hydrophobic residues I20, V21, I24, and F27 recurred as trough residues. Compared to those in GF-17 (Fig. 5a ), peak intensities for both residues L28 and R29 increased, presumably due to increased motions of the residues at the peptide termini. Indeed, these residues displayed smaller 13 Cα deviations (Fig. 3, cf. panels a and b) . For inactive peptide RI-10 in complex with SDS micelles, its HSQC peak intensity plot is displayed in Fig. 5c . Only three hydrophobic residues V21, I24, and F27 are trough residues. It is evident that the number of the trough residues (i.e. membrane-anchoring residues) from GF-17, KR-12, to RI-10 decreases with the shortening of the peptide length. Such a trend provides a good interpretation for reduced antimicrobial activity of these LL-37 peptides from GF-17 (MIC 10 µM), KR-12 (MIC 20 µM), to RI-10 (inactive) [23; this study], indicating the importance of these membrane-targeting residues for peptide activity.
As a different example, we also evaluated the peak intensity plot of aurein 1.2 in complex with SDS micelles (Fig. 5d) . The residues that occupy the trough positions of the wave are F3, I6, A10, and F13, which are all hydrophobic. These residues aligned well on the hydrophobic face of the amphipathic structure of aurein 1.2 determined in detergent micelles (Fig. 4b) . The identification of F13 as an essential anchoring residue in aurein 1.2 is consistent with its critical role in conferring activity to the peptide. We found that a change of F13 to either phenylglycine or W13 reduced peptide's activity [21] . A phenylglycine differs from a phenylalanine by only a β-CH 2 group. Structurally, the F13 aromatic ring in aurein 1.2 bends toward the side chains of residues I9 and A10 to form a local hydrophobic cluster (Fig. 4b) . Shortening the F13 side chain appears to hinder the effective packing of hydrophobic side chains in this hydrophobic cluster, thereby reducing the membrane perturbation power of aurein 1.2. Using intermolecular NOE measurements, we observed that both F3 and F13 interact with D8PG [20] , substantiating their role as membrane anchors. Fig. 5e presents the HSQC wave of LLAA in SDS micelles [21] . LLAA was obtained by reversing the sequence of the antimicrobial core region (residues 17-29) of LL-37 ( Table 1 ). The peptide remained antibacterial after sequence reversal. Residues F3, K5, I6, V9, I10, and F13 of LLAA are located in the troughs. Compared to aurein 1.2, additional residues K5 and V9 were identified as key binding residues. Since aromatic ring protons are well resolved, F3 and F13 served as excellent probes for us to detect peptide-lipid NOE cross peaks. These dipolar interactions indicate that both F3 and F13 are located in the head group region of D8PG and slightly penetrated into acyl chains [21] . Taken together, our results support that the identified hydrophobic surface of LLAA is in direct contact with lipid micelles.
The above examples comprise peptides in complex with SDS micelles. To evaluate the effect of micelle types, we also collected a set of NMR spectra for KR-12 in DPC micelles. The spectra were assigned based on 2D NMR techniques. No evidence was found for structural changes. The HSQC wave of KR-12 in DPC is shown in Fig. 5f . The wave pattern of the peptide in DPC clearly resembles that in SDS (Fig. 5b) . In particular, the anchoring residues I20, V21, I24, and F27 are identical to those found in SDS micelles, indicating that this peptide uses the same set of hydrophobic residues to bind both types of micelles. Note that the wave pattern in Fig. 5f persisted upon increasing temperature from 25 to 45°C (not shown). In the presence of SDS, R29 of KR-12 was implied to be mobile (Fig. 3b) . The same residue may be even more mobile in DPC since the peak intensity of R29 doubled in Fig. 5f . The slightly increased motion of residue R29 of KR-12 in DPC may result from reduced interactions of this cationic residue with the zwitterionic head group of DPC compared to the anionic head group of SDS.
Discussion
Structural studies of membrane peptides in micelles are routinely carried out by classic 2D NMR techniques [38] . The short length of these peptides facilitates chemical synthesis for solution NMR studies, usually without recording 13 C and 15 N chemical shifts. It appears that obtaining isotope-labeled AMPs is not without difficulty. The toxicity of these peptides to the expression cells made it necessary to express them as fusion proteins. The aggregation of LL-37 might have caused the poor cleavage of fusion proteins by proteases. These problems may be the reason for low yields of recombinant LL-37 in the published bacterial expression systems (0.3-1.7 mg per liter) [57] [58] [59] . As a consequence, there is great interest in improving our understanding of AMP-membrane interactions by extracting 13 C and 15 N chemical shifts from natural abundance NMR spectroscopy of unlabeled peptides.
Peptide dynamics can be learned from heteronuclear NOE measurements when the peptide is isotope-labeled (Fig. 1b) . For unlabeled peptides, such measurements are inconvenient. Current practice is to deduce dynamic information from an ensemble of NMR structures based on structural precision. However, there is no guarantee for the accuracy of such deduction because a lack of structural precision can be due to the lack of NMR restraints, due to protein motions, or due to both [1, 6] . In the case of LL-37, a correlation between poor structural precision at the C-terminus and negative 15 N NOE values verified ps-ns time scale motions in that region. In the absence of isotope labeling, it may not be trivial to substantiate peptide motions based on structures. In Fig. 1 , we illustrated a correlation between 15 N NOE and 13 Cα secondary shifts of LL-37. A correlation of protein motions on the fast (ns-ps) and slow (ms-s) time scales with 13 Cα secondary shifts was also observed for α-synuclein bound to SDS micelles [40] . These observations suggest that the 13 Cα secondary shifts may be harnessed as a probe for peptide dynamics, especially when isotope-labeled peptides are not available. Thus, aurein 1.2 is completely rigid upon binding to micelles (Fig. 3d) , consistent with the well-defined all-helical structure (Fig. 4b) . Using the same criteria, only residue V32 of GF-17 and R29 of KR-12 are likely to be mobile (Fig. 3) .
The location of membrane peptides on micelles can be probed by different techniques. Spin labels can be incorporated into micelles followed by the examination of intensity changes of peptide peaks [6] . A more quantitative analysis can also be conducted to gauge the depth of the peptide penetration in micelles [41] . It is also possible to obtain such information without introducing additional probe molecules into NMR samples. For example, we previously used peptide-D8PG intermolecular NOE patterns to determine the location of the peptide on the micelles [22] . Furthermore, intermolecular NOE contacts were applied to determination of the membrane location of transmembrane β-barrel and helical proteins as well [42] [43] [44] . The wave pattern of the 1 H- 13 Cα cross peaks in natural abundance HSQC spectra (dubbed HSQC waves) offers additional insight into peptide-micelle interactions. Several factors influence the wave patterns observed in the plots (Fig. 5) [45] shows that hydrophobic residues do not preferentially display smaller coupling constants than [23] and [20] , respectively. The figures were made by using MOLMOL [52] .
hydrophilic residues. For example, the Cα is of similar efficiency for hydrophilic and hydrophobic residues. Thus, the location of hydrophobic residues in the troughs of the HSQC waves (Fig. 5 ) may be primarily due to the differential effect of T 2 , which is directly related to line width or peak height of each residue. Specifically, fast exchange between the free and micelle-bound forms may be the dominating factor. This explanation would be in line with the known peak shifting and broadening of interfacial residues of proteins involved in proteinprotein interactions, also due to fast exchange between the free and bound states [46] . In the case of ligand binding to the grooves on the protein surface, chemical shift mapping (based on chemical shift differences between the free and bound forms) is routinely applied in mapping binding residues on the protein surface [47] . For micellebound peptides with a global conformational change from the free to the bound states, this practice is complicated and the information is masked by substantial chemical shift changes in all micelle-bound residues. As an alternative explanation, which is more likely, the subtle peak intensity differences (Fig. 5 ) might be related to the degree of motion, leading to higher intensities for exposed residues and lower intensities for micelle-buried residues. Therefore, the 1 H- 13 C HSQC waves observed here (Fig. 5 ) present a useful approach for identifying key membrane-binding residues of micelle-bound peptides by NMR. In particular, the consistent identification of phenylalanines as one of the key membrane anchors in all the cases concurs with intermolecular NOE observations that prove the insertion of the aromatic rings into lipid head group/acyl chain regions of micelles [1, 6, 39] . Moreover, the unique location of arginine side chain H N signals in D8PG micelles enabled the detection of Arg-PG interactions by solution NMR [19, 22, 23] . In combination, these results depict a picture for membrane peptides that penetrate into the micelle head group region via hydrophobic anchoring residues and cationic side chains. The membrane surface location of human LL-37 deduced from solution NMR methods in micelle models [7, 23] agrees with the measurements by solid-state NMR in lipid bilayers [12, 55] . Clearly, results from solution NMR and solid-state NMR are complementary to each other [2, 6] . While solution NMR is capable of elucidating entire 3D structures of AMPs in complex with micelles at the atomic resolution [5, 19, 27, 53, 64, 65] ; solid-state NMR can provide orientation and oligomerization information of AMPs in lipid bilayers [66] [67] [68] [69] [70] [71] . H-13 C cross peak intensities as measured by NMRDraw [32] are the readings in the figures multiplied by 10,000. The pH, temperature, and peptide/detergent molar ratios for data in panels a-d are provided in Fig. 2 . For LLAA, the NMR data were collected in SDS micelles at a peptide/SDS molar ratio of 1:40, pH 4.4, and 25°C; for KR-12, the data were collected in DPC micelles at a peptide/DPC molar ratio of 1:60, pH 5.8, and 25°C. The peak intensity of R19 of KR-12 in DPC close to water was not included here because it appeared to be less intense than I20 or V21 due to the effect of water suppression pulses.
It is worthwhile to point out that the wave concept has been applied to other NMR observables. Earlier, the periodicity of backbone amide proton chemical shifts of amphipathic peptides was observed. High amide chemical shift periodicity is treated as evidence for curved helices [48] . To illustrate this, we show that the amide proton plot of LL-37 in complex with SDS micelles (Fig. 1d) possesses a high degree of periodicity, indicating a curved helix. This is indeed the case in the calculated structure of LL-37 displayed in Fig. 1a . It is proposed that most of the residues with downfield shifts (F6, G14, F17, I20, K25, and L28 in Fig. 1d ) form short (strong) hydrogen bonds [48] . Waves have also been observed in the paramagnetic NMR studies of micelle-bound peptides [41, 49] . Temperature coefficient waves (plots of temperature coefficients of backbone amide protons versus polypeptide residue number) were illustrated to be useful in identifying exposed β-strands in β-sheet proteins, providing spatial restraints for chemical shift-based protein fold establishment [50] . This was attributed to the difference in hydrogen bonding patterns of amide protons in exposed and buried β-strands. Dipolar waves are particularly useful for mapping the structure and orientation of helices in membrane proteins [51] . The HSQC waves observed here shed novel insight into peptide-micelle interactions by mapping essential membrane-anchoring residues. For antimicrobial peptides, HSQC waves could guide site-directed mutagenesis to improve peptide therapeutic index by reducing peptide hydrophobicity based on both database findings and structure-activity relationship (SAR) studies [9, 35] . The various waves discussed above may be unified under one umbrella and referred to as NMR waves that provide unique insight into the regular structure of polypeptides from different angles.
In conclusion, this study, along with our previous work [20] , illustrates the applications of natural abundance HSQC spectra of short membrane-associated peptides without isotope labeling. Firstly, 15 N and 13 C chemical shifts can be utilized to substantiate 1 H assignments. They can also be used to generate dihedral angles for refinement of NOEderived structures [6] . Secondly, the 13 Cα secondary shifts can be used to identify the structured regions and to judge whether some residues are mobile. Thirdly, HSQC waves may be exploited qualitatively to identify key residues for micelle binding. To obtain a reliable HSQC wave, NMR spectra should have sufficient signal to noise ratios, the peaks be correctly phased and well resolved, and the peak intensities should not be clearly reduced by the water suppression pulses. In this study, we have substantiated the importance of the identified key hydrophobic residues in KR-12 by single-residue mutation as well as intermolecular Phe-lipid NOE observations. With more and more examples, the generality of HSQC waves in identifying key membrane-anchoring residues of other membrane peptides will be tested. Considering the large number (N1400 entries) of short AMPs collected in APD2 and their therapeutic potential, natural abundance heteronuclear NMR should improve our knowledge on peptide-membrane interactions and peptide design.
